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FOREWORD 


This  report  represents  part  of  the  results  of  an  effort  at  the  Naval  Surface 
Warfare  Center  Dahlgren  Division  to  understand  the  physics  of  impact  induced 
ignition  in  energetic  solid  materials  and  from  this  to  develop  meaningful  small  scale 
impact  tests.  In  this  effort  we  have  been  fortunate  to  have  received  the  support  and 
encouragement  from  a  number  of  individuals  and  organizations  including 
Ms.  S.  C.  DeMay  and  Mr.  H.  Richter  of  the  Naval  Weapons  Center;  Dr.  D.  Liebenberg 
of  the  Office  of  Naval  Research;  Drs.  C.  Dickinson,  L.  Roslund,  R.  Doherty, 

S.  J.  Jacobs,*  H.  Haiss,  D.  L.  Woody;  Mr.  J.  Davis;  and  Ms.  B,  A.  Yergey  of  NSWCDD, 
and  Professor  R.W.  Armstrong  of  the  University  of  Maryland. 


Approved  by. 


KURT  F.  MUELLER,  Head 
Explosives  and  Warheads  Division 


♦Presently  at  Advanced  Technology  &  Research,  Inc.,  Laurel,  MD  20707. 
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ABSTRACT 


The  drop  weight  impact  test  is  the  simplest  and  easiest  test  that  can  be 
performed  on  small  quantities  of  explosives  or  propellants,  and  yet  it  has  only  a 
minimal  role  in  assessing  explosive  sensitivity  or  performance.  This  report  examines 
the  drop  weight  impact  test  as  it  is  currently  used,  describes  its  major  flaw,  and 
suggests  an  alternative  test  that  holds  the  promise  of  providing  the  impact  energy 
required  to  ignite  an  energetic  material.  Other  impact  tests  are  described.  One  of 
these,  the  Ballistic  Impact  Chamber  Test,  measures  the  rate  of  reaction  and  extent  of 
reaction  during  impact.  This  test  demonstrates  that  during  impact  there  are  two 
forms  of  initiation  reactions  that  occur:  one  that  is  very  fast  and  is  likely  due  to  direct 
impact-shear  initiation  of  the  crystalline  solids  in  the  sample  and,  the  other,  a  much 
slower  component,  is  thought  to  arise  mie  to  burning  of  tne  sample. 
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INTRODUCTION 


Perhaps  the  simplest  and  easiest  test  that  can  be  perfonned  on  small  samples  of 
explosive  or  propellant  materials  is  the  drop  weight  impact  test.  Yet  for  all  of  its 
simplicity  and  ease  of  operation,  this  test  plays  a  disappointingly  small  role  in 
assessing  the  safety  or  predicting  the  performance  of  energetic  materials. 

The  drop  weight  impact  test  goes  back  to  at  least  the  early  nineteen  hundreds 
when  it  was  first  used  to  assess  the  relative  impact  sensitivity  of  explosives.*.1'4 
A  direct  descendent  of  this  testis  still  usee  today  in  the  United  Kingdom  to  obtain  a 
measure  of  the  impact  "sensitiveness"  of  energetic  solids.  Similar  tests  have  been 
developed  in  several  other  countries  and  many  of  these  have  become  the  respective 
national  standard  required  for  assessing  the  handling  safety  of  energetic  solid 
materials.5  8  Since  the  1940's  much  of  the  investigation  in  impact  ignition  of 
explosives  has  been  conducted  at  the  Cavendish  Laboratory  by  Bowden,  Field,  and 
coworkers. **.9. 10 


Generally,  the  various  drop  weight  impact  tests  all  seek  to  determine  the  drop 
height  at  which  the  explosive  or  propellant  samples  react  during  some  fraction  of  the 
number  of  impacts  Unfortunately,  this  concept  of  impact  sensitivity  is  seriously 
Rawed.  The  report  will  show  that  these  Go  Me  Go  drop  height  criterion  are  an 
inappropriate  measure  of  impact  sensitivity.  This  should  be  no  surprise,  for  other 
than  as  a  means  of  obtaining  a  crude  relative  ranking  of  the  impact  sensitivity  of 
various  energetic  solids,  it  has  been  impossible  to  find  any  other  meaningful  use  for 
this  data.  I>en  the  relative  ranking  by  the  50  percent  Go-No  Go  drop  he'.gnt  has  to 
be  examined  with  care.  Often  the  fluctuations  in  the  50  percent  height  are  sufficient 
to  change  the  relative  ranking  of  materials  whose  impact  -.ensitivities  ar<  similar. 
More  important,  from  a  safety  standpoint,  the  relative  violence  of  the  response  of 
different  materials  to  impact  may  differ  markedly  although  their  50  percent  Go-No 
Go  ignition  drop  heights  are  similar. 


In  this  report,  several  new  impact  tests  and  concepts  are  presented  that  seek  to 
avoid  the  failure  of  the  standard  impact,  test  and  attempt  to  obtain  information 
relevant  to  the  behavior  of  impact  induced  igniticn  in  energetic  solidr  under  any 
arbitrary  impact  loading.  The  experimental  and  theoretical  background  that 
underlies  most  of  the  work  presented  here  shows  that  shear  and  shear  rate,  during 
impact  or  shock,  are  responsible  for  establishing  the  energy  localization  or  hot  spot 
sites  from  which  ignition  starts.1 1  -13 


*  Reportedly,  G.  Rotter  first  used  a  drop  weight  impact  apparatus  to  test  explosives  in  about  1905. 

**  The  many  papers  from  the  Cavendish  Laboratory  on  the  impact  initiation  of 
explosives  are  tx>  numerous  to  list  here;  however,  see  References  9  and  10. 
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ANALYSIS  OR  Til K  D 110 1*  W K I G I I'll  M  PACT  TE ST 


As  with  any  test,  it  is  wise  to  obtain  an  analysis  of  the  expected  physical 
behavior  in  order  to  better  understand  the  test  results.  The  physical  behavior  of  the 
drop  weight  impact  Lest  can  be  modeled  on  a  computer  with  all  of  the  ancillary 
motions  that  such  efforts  seem  to  involve.  The  test  also  lends  itself  to  an  analytical 
solution  which,  while  approximate,  allows  a  more  physically  transparent  representa¬ 
tion  of  its  behavior  during  impact.1  4  Ultimately,  both  techniques  will  eventually  fail 
because  of  our  present  inability  to  accurately  describe  the  behavior  of  the  sample 
material  during  impact.  However,  for  most  impact  tests  which  use  only  a  small 
sample  size,  the  presence  of  the  sample  introduces  only  a  minor  perturbation  into  the 
overall  behavior  of  the  impact  machine.  Indeed,  as  it  is  currently  used,  the  principal 
failure  of  the  drop  weight  impact  test  will  be  shown  to  be  independent  of  sample  size. 

A  typical  impact  machine  consists  of  an  impactor  of  mass,  Mj ,  and  an  anvil  of 
mass,  M3.  Often  between  the  impactor  and  the  anvil  is  a  striker  on  mass,  M2,  that 
transfers  the  impact  force  from  the  drop  weight  to  the  sample  and  anvil.  An  analysis 
treating  the  drop  weight,  striker,  and  anvil  as  a  collection  of  mass-spring  systems  is 
given  in  Appendix  A.  A  simple  and  versatile  impact  machine  that  has  been  used 
frequently  at  the  Naval  Surface  Warfare  Center  Dahlgren  Division  (NSWCDD)  is 
shown  in  Figure  1.  Impact  velocities  in  excess  of  40  m/s  can  be  achieved  with  this 
machine  by  accelerating  a  low  mass  impactor  wi  „h  clastic  shock  cords. 

The  important  behavioral  characteristics  of  the  impact  machine  are  determined 
by  the  natural  frequency  of  each  of  its  elements,  to  =  (K/M)1,  where  K  is  the  effective 
spring  constant  of  the  element  and  M  is  its  mass.  For  cylindrical  elements,  K  = 

(E  A/D),  where  E  is  the  elastic  modulus,  A  is  the  cross  sectional  area  of  the  element, 
and  L  is  the  length  Usually,  for  most  standard  impact  machines  M3  Mj  M2  so 
that  103  ^  u>i  o>2.  In  this  limit,  the  force  on  the  anvil  and  sample  given  by 
equation  (A-I5)  is  approximately 


U) 


where  101  is  the  natural  frequency  of  the  drop  weight,  h  is  the  drop  height,  and  Kq 
and  K2  are  the  spring  constants  of  the  drop  weight  and  striker,  respectively. 

In  the  above  limiting  ^ase  which  is  typical  of  most  well  designed  impact 
machines,  the  dura  tion  of  the  impact  is  essentially  determined  by  the  drop  weight 
and  is  independent  of  the  amplitude  of  the  impact.  Once  the  force  starts  to  go 
negative,  rebound  occurs.  The  mose  exact  expression  given  by  equation  (A- 15)  in 
Appendix  A  shows  that  the  half  sine  wave  loading  determined  by  the  drop  weight  has 
superimposed  on  it  an  oscillating  component  due  to  the  natural  vibration  of  the 
striker.  In  a  clean,  well  designed  impact  machine  this  is  usually  minimal.  The  mass 
of  the  anvil  is  usually  so  large  that  it  lias  little  or  no  role  in  the  impact  response.  In 
this  regard,  most  of  the  elaborate  anvil  baser,  constructed  for  the  current  standard 
impact  machines  are  unnecessary.  A  computer  analysis  of  the  impact  machine  would 
show  all  of  these  features  plus  the  various  wa  .  es  reflecting  back  and  forth  through 
the  system  until  equilibrium  is  reached.  However,  this  added  detail  is  unwarranted 
mainly  for  the  reason  given  below. 
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The  major  flaw  in  any  altenipito  measure  explosive  sensitivity  by  using  the 
50  percent  Go-No  Go  drop  height  arises  because,  under  these  conditions,  ignition 
always  occurs  at  or  near  the  maximum  force  levels.  This  is  most  easily  seen  by 
simultaneously  monitoring  the  time  of  ignition  with  a  photo-sensitive  detector  and 
the  applied  stress  load  with  an  accelerometer  c  strain  gage.  At  the  maximum  force 
level,  the  elastic  energy  stored  in  the  machine  is  also  a  maximum  and  it  is  this  energy 
that  gives  the  rebound.  The  energy  put  into  the  machine  by  releasing  the  drop 
weight  from  a  height,  h,  is  just  Mjgh  which  is  partitioned  between  the  elastic  energy 
stored  in  the  machine,  the  plastic  energy  required  to  deform  and  heat  the  sample  to 
ignition,  plus  the  small  but  inevitable  amount  of  energy  lost  in  the  machine  during 
the  impact.  Unfortunately,  there  is  no  easy  way  to  separate  or  distinguish  these 
elastic  and  plastic  energies  from  one  another.  As  far  as  ignition  is  concerned  only  the 
plastic  energy  is  important.  Furthermore,  it  will  be  shown  shortly  that  at  or  near  the 
50  percent  ignition  level,  the  amount  of  elastic  energy  stored  in  the  machine  often 
exceeded  the  amount  of  plastic  energy  required  to  deform  and  ignite  the  sample. 

This  inability  to  separate  the  elastic  energy  stored  in  the  machine  from  the 
plastic  energy  dissipated  in  the  sample  essentially  renders  the  drop  weight  impact 
machine  useless  for  anything  other  than  giving  a  crude  ranking  of  sensitivity  based 
on  the  Go -No  Go  drop  height.  Even  this  information  is  dominated  by  the  stored 
elastic  energy  and,  therefore,  is  machine  dependent.  Thus,  it  is  unlikeh'  that  even 
the  ranking  of  explosive  sensitivities,  based  on  their  50  percent  Go-No  Go  drop 
height,  will  be  accurately  reproduced  among  different  impact  machines. 


T11E  ENERGY  TO  IGNITION  TEST^.m 


Confronted  with  the  failure  of  the  standard  50  percent  Go-No  Go  drop  weight 
impact  test,  we  have  chosen  to  take  advantage  of  the  physics  of  the  impact  situation 
and  seek  an  impact  ignition  test  that  minimizes  the  amount  of  elastic  energy  stored 
in  the  machine  at  the  moment  of  ignition.  Modern,  plastic  bonded  explosives  and 
propellants  are  much  softer  than  the  Rockwell  64  hardness  of  most  impact  machine 
tools.  The  sequence  of  events  during  the  impact  involves  first  a  deformation  of  the 
comparatively  soft  sample  material,  followed  later  by  a  buildup  of  stress  in  the  anvil, 
striker,  and  drop  weight  system.  This  stress  buildup  usually  occurs  after  the  sample 
has  deformed  and  spread  considerably.  The  static  stress  levels  within  the  sample  can 
be  determined  by  the  analysis  developed  by  Schroder  and  Webster.1? 


In  the  energy  to  ignition  test,  we  take  advantage  of  this  sequence  of  events  by 
causing  ignition  to  occur  early  during  the  impact  when  the  stress  levels  are  low  and 
omy  i.iil*  Sirtu^ic  uiiuci  ^uin£  uciiji  j  his  insures  that  most  of  th c  energy' 

transferred  from  the  impactor  goes  into  deforming  and  heating  the  sample,  and  very 
little  is  stored  in  the  machine  as  elastic  energy.  This  requires  a  relatively  high 
velocity  impact  of  perhaps  10  m/s  or  greater,  depending  on  the  material.  To  simplify 
the  impact,  we  have  eliminated  the  striker  and  let  the  impactor  impact  directly  on 
the  sample  and  anvil.  The  sample  is  usually  a  pellet  5  mm  in  diameter  and  1  nun 
high  with  a  mass  of  approximately  40  mg. 


The  light  from  an  ignition  is  monitored  by  three  photosensitive  diodes  arranged 
120  degrees  apart  around  the  outside  of  the  anvil.  The  change  in  velocity  of  the 
impactor  is  determined  by  an  accelerometer  or  some  similar  means.  This  is  shown 
schematically  in  Figure  2.  These  measurements  are  recorded  on  a  dual  channel 
oscilloscope,  a  typical  record  of  which  is  shown  in  Figure  3.  The  change  in  velocity  of 
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the  impactor  at  the  moment  of  ignition  is  determined  by  integrating  the 
aeeclerometer  record  from  first  Lnpact  to  the  moment  of  ignition  as  determined  by 
the  photo  detectors. 

If  V'o  is  the  velocity  of  the  impactor  at  the  moment  of  first  impact  and  Av  is  the 
change  in  its  velocity  at  the  moment  of  ignition,  the  change  in  the  kinetic  energy  of 
the  impaetor  at  the  moment  of  ignition  is 


Mi  -  iA  1\'l~  iM(V0-  Ai >?. 


(2) 


Our  experience  with  the  more  impact  sensitive  explosives  and  propellants  indicates 
that  Av  <3  Vo  so  that 


M:  =  MVU  (Au)  (3) 

If  the  velocity  of  the  impactor  is  large,  Vo  >  10  m/s,  then  for  at  least  the  more 
impact  sensitive  explosives  and  propellants,  ignition  will  occur  early  during  the 
impact  when  most  of  the  energy  transferred  from  the  impactor  is  going  into 
deforming  and  heating  the  sample,  and  very  little  is  stored  as  elastic  energy  in  the 
anvil-drop  weight  system.  At  this  time,  the  stress  on  the  sample-anvil  is  usually  very 
small,  on  the  order  of  a  few  Mpa.  On  this  basis,  we  make  the  assumption  that 
essentially  all  of  the  kinetic  energy  lost  by  the  impactor  is  transferred  to  the  sample. 
The  energy  required  to  ignite  the  sample  is  now  approximately  AE.  It  is  convenient 
and  informative  to  normalize  the  energy  to  ignition  by  dividing  by  the  sample  mass, 
m,  to  form  the  critical  impact  energy  density  required  to  cause  ignition,  AE/m.  This 
has  to  be  one  of  the  essential  inputs  into  any  calculation  that  purports  to  predict  the 
impact  response  of  an  energetic  material. 

Table  1  gives  a  listing  of  the  energy  required  to  cause  ignition  of  an  explosive, 
composed  predominately  of  ammonium  perchlorate  and  aluminum,  over  a  wide  range 
of  impactor  velocities  and  masses.  Interestingly,  for  this  material  at  least  there  is  not 
a  large  range  of  variation  of  the  energy  to  ignition  value  over  this  rather  large  range 
in  impact  velocity  and  energy.  Some  of  this  variation  is  due  to  problems  associated 
with  proper  gage  operation  at  high  impact  velocities.  At  high  impactor  velocities,  Vq 
>  50  m/s,  ignition  occurs  within  1  or  2  ps  of  apparent  impact,  which  is  uncomfortably 
near  the  limiting  response  times  of  the  best  currently  available  gages. 

Finally,  as  noted  earlier,  the  energy  required  for  ignition  is  often  less  than  the 
energy  available  from  the  50  percent  ignition  drop  height.  For  the  above  material, 
the  drop  height  for  50  percent  ignition  using  the  standard  Explosive  Research 
Laboratory  (ERL)  impact  test  machine  atNSWCDD  is  approximately  15  cm.  The 
NSWCRD  ERL  machine  uses  a  2.5  kg  drop  weight,  so  that  the  energy  available 
during  impact  is  3.7  J.  If  it  is  assumed  that  at  least  to  first  order  the  energy  to 
ignition  for  this  material  is  independent  of  impactor  mass  or  velocity,  as  indicated  by 
Table  1,  then  only  approximately  2  J  of  energy  are  needed  to  cause  ignition.  The 
remaining  energy  is  presumably  stored  as  elastic  energy  during  the  impact  or  is 
dissipated  by  some  other  means. 

The  major  problem  that  we  have  had  with  this  test  is  that  of  insuring  that  the 
gage  survives  the  impact  at  velocities  in  excess  of  about  20  m/s.  This  is  the  case, 
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TABLE  1 .  ENERGY  TO  IGNITION  VALUES  OF  A  PROPELLANT- LIKE 
MATERIAL 

(Sample  size,  5  mm  dia.  x  1  mm  high;  approximate  mass,  35  to  40  mg.) 


Vo  (m/s) 

'V  (m/s) 

E(J) 

1.4 

V 

.073 

1.03 

1.4 

.063 

.88 

1.4 

.065 

.9! 

1.4 

.118 

1.65 

2.8 

.03 

.84 

2.8 

.053 

1.47 

2.8 

.064 

1.8 

4.43 

.035 

1.75 

4.43 

.041 

1.8 

5.37 

.023 

1.23 

3.13 

.098 

2.97 

3.13 
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Newly  polished  anvil 
and  iinpactor  surfaces. 


’Average  ignores  the  two  polished  anvil  values. 


particularly  with  the  insensitive  explosives  and  propellants,  which  require  high 
impactor  velocities  to  achieve  ignition  before  significant  stress  buildup  occurs.  Often 
with  these  insensitive  materials  the  impact  velocity  must  be  held  below  20  m/s  to 
prevent  gage  failure.  This  involves  some  compromise  with  the  test  requirement  that 
very  little  energy  be  stored  elastically  in  the  machine  before  ignition  occurs,  but  it 
allows  an  upper  limit  to  be  put  on  the  impact  energy  required  to  ignite  the  sample. 
Clearly,  the  assumption  that  very  little  of  the  kinetic  energy  lost  by  the  drop  weight 
up  to  the  moment  of  ignition  is  stored  elastically  in  the  impart  machine,  needs  to be 
continually  monitored  by  examining  the  stress  on  the  components  of  the  machine 
at  the  moment  of  ignition. 
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SAMPLE  SIZE 

For  the  energy  to  ignition  test  the  sample  size  is  important.  Partly  for  historic 
reasons  and  partly  for  convenience  we  have  chosen  to  work  with  35  to  45  mg  size 
samples.  There  appears  to  be  nothing  unique  about  this  sample  size.  However, 
samples  below  20  mg  are  difficult  to  ignite  on  impact.  This  will  certainly  be  the  case 
with  the  more  insensitive  explosives.  On  the  other  hand,  samples  of  energetic 
secondary  explosives  such  as  HMX,  RDX,  and  PETN  may  transit  to  a  detonation  if 
the  sample  size  exceeds  150  mg.  This  was  deemed  unacceptable  because  a  detonation 
would  destroy  the  tools  and  reduce  a  simple  lab  scale  test  to  one  requiring  a  high 
degree  of  protection  for  the  operators. 

A  more  fundamental  and  more  germane  issue  is  that  of  the  appropriate  sample 
size  required  to  relate  the  results  of  this  test  or,  for  that  matter,  any  small  scale  test 
to  the  initiation  of  large  scale  charges.  Bowden  has  shown  that,  at  least  for  some 
primary  explosive  materials,  the  minimum  hot  spot  size  is  of  the  order  of  a  few  tens  of 
microns.18  Our  earlier  heat-sensitive  film  experiments  with  plastic  bonded 
explosives  and  propellants  have  shown  that,  at  threshold,  ignition  begins  in  the 
regions  of  high  shear  and  often  at  the  site  of  the  largest  explosive  crystal  in  this 
region.  19.20  in  these  experiments,  in  which  the  impact  velocity  was  much  less  than 
that  required  to  achieve  a  50  percent  ignition  probability,  pressure  appeared  to  have 
no  direct  role  other  than  as  the  forcing  function  that  created  the  shear.  These  were 
simple  symmetric  impact  experiments  and  threshold  ignition  always  occurred  near 
the  outer  edge  of  the  sample  during  impact,  where  the  pressure  was  a  minimum  and 
shear  was  a  maximum.  It  never  occurred  in  the  regions  near  the  center  of  the  sample 
where  pressure  achieved  its  maximum  value  and  shear  was  a  minimum.  From  this, 
we  infer  that  shear  is  the  mechanism  responsible  for  energy  localization  and 
subsequent  ignition  and  that,  for  a  practical  test,  the  sample  must  be  of  sufficient  size 
to  allow  shear  to  develop  in  a  measurable  way, 

As  the  amplitude  of  the  impact  was  increased  by  increasing  the  impact  velocity, 
the  number  of  ignition  sites  also  increased  and  the  ignitions  occurred  earlier  during 
the  impact  induced  deformation.20  At  impact  velocities  of  50  to  100  m/s  on  impact, 
sensitive  materials’  ignition  occurred  within  2  or  3  ps  of  impact.  At  these  higher 
levels  of  impact,  ignition  often  appeared  nearer  the  center  of  the  sample,  but  these 
were  likely  to  be  due  to  the  correspondingly  higher  initial  shear  levels  causing  energy 
localization  and  ignition  in  some  opportunistically  aligned  crystal  earlier  in  the 
impact.  However,  in  several  thousand  mild  impacts,  where  the  impact  velocity  never 
exceeded  5.5  ps  and  heat  sensitive  film  was  used  to  locate  ignit'on,  never  was  ignition 
observed  to  have  occurred  at  the  center  of  a  symmetric  impact  experiment  where 
shear  is  a  minimum  and  pressure  is  a  maximum. 

The  evidence  cited  above  demonstrates  that  ignition  occurs  at  local  sites  within 
the  35  to  45  mg  sample.  Since  these  local  ignition  sites  occupy  only  a  small  portion  of 
the  sample,  the  implication  is  that  the  energy  required  to  deform  and  heat  the  whole 
sample,  as  measured  by  the  energy  to  ignition  test,  is  an  over  estimate  of  the  energy 
required  to  cause  ignition  which  can  occur  at  just  one  hot  spot  site.  However,  for 
practical  reasons  it  is  not  possible  to  deal  with  this  process  on  a  single  ignition  site 
basis.  Rather,  it  is  necessary  to  treat  this  problem  on  a  statistical  basis  in  which  the 
energy  to  ignition  is  established  as  the  average  energy  required  to  cause  ignition  in  a 
small  sample,  but  one  still  large  enough  to  contain  a  statistically  significant 
representa-tion  of  the  material  of  interest  and  its  potential  hot  spots-ignition  sites. 
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From  these  and  similar  results  from  other  small  scale  tests,  we  conclude  that 
the  35  to  45  mg  sample  size  is  adequate  to  determine  the  impact  energy  density 
required  to  ignite  an  explosive  or  propellant.  As  long  as  the  large  scale  sample  is 
sufficiently  uniform  to  be  adequately  represented  b>  these  small  samples,  the  impact 
ignition  process  should  he  the  same  in  both.  Equally  important  is  the  manner  in 
which  this  initial  reaction  either  grows  to  consume  the  entire  sample,  or  eventually 
fades  and  dies  away.  This  is  a  concern  of  the  Ballistic  Impact  Chamber  (BIC)  test  to 
be  discussed  later  in  this  paper. 

Obviously,  what  is  missing  from  these  small  scale  tests  is  the  confinement 
available  in  a  large  charge.  Any  form  of  restriction,  either  inertial  or  otherwise,  that 
alters  the  ignition  or  its  growth  will,  to  some  degree,  influence  the  final  outcome  of  a 
test.  In  practice,  there  are  so  many  possible  impact  events  involving  large  charges 
and  so  very  few  large  or  small  scale  tests  available  to  evaluate  the  hazards  of  any  of 
these,  that  there  is  no  choice  but  to  combine  small  scale  tests  that  give  the  energy  to 
ignition  and  the  rate  of  reaction  growth  with  the  appropriate  data  from  a  few  large 
scale  tests,  along  with  the  correct  theoretical  understanding  of  the  ignition  event. 
Together,  the  combination  of  large  and  small  scale  tests  and  the  proper  theoretical 
understanding  should  allow  us  to  predict  the  shock  or  impact  response  of  a  large 
explosive  charge. 

Finally,  since  shear  is  the  mechanism  of  ignition,  the  surfaces  of  the  anvil  and 
impactor  are  important  because  it  is  the  friction  at  these  surfaces  tha  t  gives  rise  to 
the  shear  forces  as  the  sample  material  deforms  and  spreads  during  impact.  Experi¬ 
ments  with  the  energy  to  ignition  test  showed  that  freshly  polished  surfaces 
considerably  increased  the  amount  of  energy  required  to  achieve  ignition.  This  is 
shown  in  Table  1.  However,  a  careful  examination  shows  that  with  these  polished 
surfaces  ignition  occurred  later  than  with  rougher  surfaces,  and  ‘t.  is  likely  that  most, 
if  not  ali,  of  the  apparent  increase  in  the  energy  to  ignition  was  really  elastic  energy 
stored  in  the  machine.  From  a  practical  testing  point  of  view,  we  have  found  that  it  is 
not  necessary  to  regularly  resurface  the  anvil  and  impactor.  After  resurfacing,  the 
initial  three  or  four  impacts  gave  anomalously  high  but  decreasing  measurements 
that  asymptotically  settled  out  to  a  repeatable  value.  This  suggests  that  the 
reactions  from  the  first  few  tests  after  polishing,  burn  and  roughen  the  anvil  and 
impactor  surfaces  to  create  a  standard  surface  roughness  which  does  not  change 
much  over  a  large  number  of  subsequent  reactions. 


THE  IMPACT SHEAR TEST 

The  energy  to  ignition  test  has  been  modified  and  extended  in  a  number  of 
ways.  One  of  these,  tne  impact  shear  test,  is  particularly  relevant  to  the  above 
discussion  on  ignition  site  size.  The  impact  shear  test  was  designed  to  introduce  well 
defined,  localized,  shear  induced  hotspots  into  large  samples,  typically  1  to  50  grams 
of  hard,  difficult  to  deform  materials.  In  order  to  maintain  a  controllable  laboratory 
scale  test,  only  non-detonab!e  materials  were  used,  chiefly  nitrocellulose  gun 
propellants.  However,  if  required,  the  test  could  be  performed  with  explosives  by 
using  an  appropriate  shelter.  The  NSWCDD  impact  machine,  Figure  1,  served  as  the 
test  vehicle  with  which  a  10  kg  drop  weight  was  used  to  impact  and  drive  a  5  mm 
thick  steel  wedge  into  the  sample.  The  angle  of  the  wedge  was  90  degrees.  Reaction 
was  detected  by  liquid  nitrogen  cooled,  infrared  detectors.  The  test  is  shown 
schematically  in  Figure  4. 
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The  steel  wedge  created  local  shear  in  the  sample  during  impact  in  the  manner 
indicated  in  Figure  5.  Without  the  shear  and  energy  localization  by  the  wedge,  the 
critical  energy  density  could  not  be  achieved  because  of  the  sample  size,  and  ignition 
would  be  impossible  in  any  laboratory  scale  impact  test. 

Typical  oscilloscope  records  of  the  acceleration  and  infrared  emissions  from  an 
impact  on  a  nitrocellulose  propellant  sample  are  shown  in  Figure  6.  The  presence  of 
the  wedge  i  ntroduces  a  significant  amount  of  ringing  in  the  accelerometer  record  that 
is  not  present  in  the  more  streamlined  energy  to  ignition  test.  However,  integrating 
the  accelerometer  record  from  the  moment  of  first  impact  until  ignition  occurred, 
gives  an  estimate  of  the  change  in  velocity  of  the  impaetor  up  to  the  moment  of 
ignition.  From  this,  an  estimate  of  the  upper  limit  of  the  energy  needed  for  ignition 
can  be  determined.  For  the  nitrocellulose  propellant  in  Figure  6,  which  was  impacted 
by  10  kg  released  from  1.5  m,  the  change  in  the  impaetor  velocity  at  ignition  was 
approximately  .12  m/s.  From  equation  (2)  the  upper  limit  for  the  energy  to  ignition 
was  approximately  7  J.  The  critical  impact  velocity  to  cause  an  occasional  ignition 
was  measured  to  be  approximately  2.5  m/s  (0.35  m  drop  height). 

For  the  1.5  m  drop  height  (5.54  m/s  impact  velocity),  ignition  took  place 
approximately  250  ps  after  the  first  impact.  Since  the  drop  weight  slowed  only 
slightly,  Av  =  ,12  m/s,  the  depth  that  the  wedge  was  driven  into  the  sample  when 
ignition  occurred  was  about  1.4  nun.  The  volume  of  material  displaced  by  the  wedge 
at  the  moment  of  ignition  was  approximately  7  mm3.  It  has  been  shown  that  for  an 
ideal  material,  the  volume  of  material  plastically  deformed  by  a  90-degree  wedge  is 
approximately  five  times  the  volume  oi  the  material  displaced  by  the  wedge.21 
Recognizing  that  nitrocellulose  has  a  non-isotropic  fibrous  structure,  and  that,  as 
with  all  impacts,  some  portions  of  the  deformed  material  have  been  more  severely 
worked  than  others,  the  volume  of  plastically  deformed  material  was  approximately 
35  mm.  Taking  the  density  of  nitrocellulose  as  1.2  gm/cm3,  the  upper  limit  of  the 
energy  density  required  for  ignition  was  about  160  J/gm.  Keeping  in  mind  that  this 
represents  an  overestimate  on  the  energy  needed  for  ignition,  it  is  not  too  different 
from  that  of  a  similar  material  in  the  more  accurate  energy  to  ignition  test,  E  — 

110  J/gm.  To  establish  an  energy  density  of  110  J/gm  throughout  an  entire  20  gm 
sample  would  require  a  drop  weight  of  140  kg  released  from  1.5  m.  The  use  of  such  a 
drop  weight  mass  exceeds  even  the  broadest  definition  of  a  small  scale  test. 

As  with  the  energy  to  ignition  test,  the  actual  hot  spots-ignition  sites  occurred 
in  much  smaller  volumes  than  the  total  volume  of  the  nitrocellulose  sample  deformed 
by  the  wedge  during  impact.  Typically,  ignition  was  located  in  the  heavily  plastically 
deformed  regions  near  the  tip  of  the  shear  wedge.  Often,  ignition  appeared  associated 
with  cracks  propagating  longitudinally  away  from  the  tip  of  the  wedge,  although  it 
cun  not  be  definitely  stated  which  came  first,  the  crack  or  the  reaction.  However, 
crack  surfaces  formed  in  this  same  region  during  impacts  in  which  no  infrared 
emissions  were  observed,  and  by  inference  no  reaction  occurred,  contained  no 
evidence  of  reaction  products  that  could  be  detected  by  X-ray  Photo  Electron 
Spectroscopy  (XPS)  in  post-impact  analysis.22  The  XPS  analysis  can  detect  product 
molecules  present  at  levels  of  1040  gms.  When  reaction  did  occur  as  indicated  by 
infrared  emissions,  noise,  and  smell,  the  XPS  evidence  showed  that  substantial 
amounts  of  product  molecules  existed  on  the  crack  surfaces  in  the  plastically 
deformed  region  close  to  the  wedge.  Here,  as  with  the  crystalline  materials,  it  is  most 
likely  that  shear  in  the  nitrocellulose  sample  caused  ignition  to  occur  in  small  regions 


NSWODD/TR-92/280 


of  the  deformed  materiel.  No  substantial  force  build  up  was  observed  to  have 
occurred  at  the  time  of  ignition  on  any  of  the  force  measu  ring  gages  that  monitored 
the  force  on  the  gTain  during  impact. 


TI1E  BIC  TEST1  G, 23 

Initiation  of  a  chemical  reaction  is  not  sufficient  by  itself  to  predict  the  response 
of  an  explosive  or  propellant  charge  to  an  arbitrary  shock  or  impact.  The  growth  of 
the  reaction  in  the  energetic  material  has  a  major  role  in  determining  its  response  to 
these  stimuli.  As  with  the  energy  to  ignition  test,  the  number  of  reallife 
circumstances  that  could  effect  the  growth  of  reaction  is  too  large  to  deal  with  in 
anything  but  a  general  way.  The  object  of  the  BIC  test  is  to  obtain  information  on  the 
growth  and  extent  of  reaction  in  a  simple  and,  hope'ully,  understandable  impact  test, 
and  to  rely  on  our  developing  understanding  of  the  impact  ignition  processes  to 
extend  this  data  to  more  general  circumstances. 

The  BIC  test  is  a  quasi-confined  impact  test.*  It  consists  primarily  of  a  cup-like 
anvil  which  holds  the  sample  and  provides  guidance  to  a  carefully  fitted  striker.  The 
striker  is  equipped  with  an  "0"  ring  which  fits  tightly  against  the  walls  of  the  anvil 
cup.  Rebound  of  the  striker  is  prevented  by  mechanical  means  so  that,  together  with 
the  anvil  cup,  it  forms  a  quasi-confined  volume  in  which  the  impact  induced  reaction 
occurs..  The  anvil  cup  contains  two  ports:  in  one  is  mounted  a  pressure  gage,  and  in 
the  other  is  mounted  a  0.1 77  caliber  pellet  gun  pistol  barrel.  A  0.513  gram,  0.177 
caliber  pellet  is  accelerated  down  the  barrel  by  the  hot  reaction  gases.  This  serves 
both  as  a  means  of  measuring  the  mechanical" energy  available  from  the  hot  reaction 
gases  and  as  a  meansof  controlling  the  pressure  in  the  quasi-confined  volume.  The 
anvil  cup  and  striker  are  mounted  on  the  base  anvi:  block  of  the  NSWCDD  Impact 
Machine  as  shown  in  Figure  7. 

Since  the  standard  50  percent  drop  height  test  has  only  a  limited  meaning,  it 
was  decided  to  initiate  the  sample  with  a  fixed  impact  that  would  be  sufficient  W 
ignite  all  explosives  and  propellants  regardless  of  their  sensitivity  to  impact.  In  this 
way  it  would  be  possible  to  measure  the  response  of  all  materials  to  the  same  impact. 
For  explosives,  the  impact  is  achieved  by  releasing  a  10  kg  mass  from  1.5  m  drop 
height.  To  insure  a  large  enough  shear  to  cause  ignition  m  all  possible  energetic 
materials,  a  piec<  of  180  grit  garnet  paper  is  placed  on  the  anvil  and  the  sample  is 
placed  on  lop  of  it,**  For  impact  sensitive  materials  such  as  propellants,  a  2.5  kg 

*  A  confined  volume  impact  test  for  liquids  arid  propellants  has  been  developed  and  marketed  by 
Teclmoprodiicts  Olin-Malhieson,  Inc..  I)  N.  Griffin,  American  Rocket. Society  Technical  Paper  1706- 
61 ,  Palm  Reach,  Fla.,  1961  This  test  nas  beers  further  refined  by  J.T.  Bryant  and  S.E.  Wooa,  AIAA 
Journal,  No.  10,  1975,  p.  1410. 

presence  of  garnet  paper  oi  the  anvil  is  an  attempt,  to  insure  that  all  samples  experience  the 
same  shear  forces  during  impact .  This  shear  is  developed  as  the  sample  flows  across  the  surface  of 
the  anvil  during  the  impact  and  arises  due  to  the  friction  force  between  the  sample  and  anvil.  To 
illust  rate  the  e  fleet  of  tfiis  surface  friction  a  series  of  standard  impact  experiments  were  performed 
on  the  impact  sensitive  explosive  PKTN  which  had  a  5  p  particle  size.  The  explosive  was  in  a  loose 
powder  and  carefully  dried  under  vacuum.  The  tests  were  conducted  over  several  humid  days  in 
June  1991  at  NSWCiJl).  immediately  after  drying,  the  50  percent  Go  No  Go  drop  height  was 
meas  ured  to  he  8  ±  .5  cm  on  our  machine  as  it  was  configured  at  that  time.  Over  a  2-hour  time 
interval ,  the  PKTN  powder  had  absorbed  enough  moisture  from  the  humid  air  so  that  the  50  percent 
drop  height  had  increased  to  12  ±  2  cm.  When  the  material  was  again  dried  under  vacuum  at  the 
50  percent  drop  height,  it  again  returned  to  8  ±  .5  cm  and,  over  a  2-  hour  interval,  increased  to  12 
±  2  cm.  This  sequence  of  tests  were  repeated  a  number  of  times. 

PKTN  is  not  a  particularly  hydroscopic  material  but  the  effect  of  even  a  small  amount  of  water  in 
reducing  the  surface  and  inlernarticle  friction  is  evident.  Most  modern  PBX  and  propellant 
materials  have  binders  that  „re  impervious  to  water.  The  garnet  paper  is  an  attempt,  to  establish  a 
sufficiently  large  surface  friction  force  to  overwhelm  the  smaller,  uncontrollable  and  often 
unrecognized  forces  that,  perturb  the  deformation  of  the  sample  during  the  BIC  impact. 
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mass  impactor  is  used.  For  these  materials,  the  BIC  test  results  are  independent  of 
::he  presence  or  absence  of  the  garnet  paper.  The  sample  size  is  45  ±  3  mg  in  the  form 
of  a  b  mm  diameter  disc  about  1.2  mm  thick. 

The  hot  gases  from  the  impact  induced  ignition  accelerate  the  pellet  down  the 
barrel  and  the  resultant  work  and  rate  of  work  provide  a  measure  of  the  extent  and 
rate  of  growth  of  reaction.  Several  representative  pressure- time  records  are  shown  in 
Figure  8.  The  pellet  velocity,  V(T),  is  obtained  from  the  pressure-time  records 


V('D  -  (A/m)  I  I>U)dt  (4) 

J  o 

where  A  is  the  cross  sectional  area  or  the  gun  barrel,  m  is  the  mass  of  the  pellet,  P(t) 
is  the  time-dependent  pressure,  and  T  is  the  time  measured  from  the  moment  of 
ignition.  A  large  number  of  tests  were  run  with  a  velocity  gate  located  at  the  end  of 
the  gun  barrel  to  measure  the  exit  velocity  of  the  pellet.  The  measured  pellet  velocity 
and  the  velocity  calculated  from  equation  (4)  always  agreed  to  within  better  than 
10  percent.  The  kinetic  energy  of  the  pellet  is  just  Ep  =  ^mV(T)2.  For  comparison,  it 
is  helpful  to  divide  this  energy  by  the  sample  mass  to  obtain  an  energy  density 
(J/gm). 


SOME  EXPERIMENTAL  RESULTS 

An  examination  of  the  BIC  test  pressure-time  records  reveals  that  there  are  two 
distinct  types  of  reactions  occurring  during  impact  as  shown  in  Figure  8  One  of  these 
is  a  very  fast  reaction  that  occurs  at  the  beginning  of  the  impact  induced  ignition. 

The  second  is  a  much  slower  reaction  that  follows  the  initial  fast  reaction.  In 
addition,  often  the  slower  reaction  has  superimposed  on  it  bursts  of  pulses  from  late 
occurring  fast  reactions.  Typically,  the  rate  of  pressure  increase  in  the  fast  reaction 
was  1.0  to  10.0  Mpa/ps,  while  the  pressure  rise  of  the  slower  reaction  was  usually  .01 
to  .1  Mpa/ps.  Depending  on  the  material,  the  peak  pressures  reached  in  these 
reactions  are  of  the  order  of  10-1  Mpa  for  insensitive  explosives,  and  10  Mpa  for 
sensitive  materials  like  IIMX  and  RDX, 

A  number  of  experiments  were  performed  using  heat  sensitive  film  and 
decreasing  the  drop  height  so  that  reactions  were  quenched  just  after  they  had 
started.  These  showed  that  the  initial  fast,  reactions  were  due  to  the  impact  initiation 
of  large  single  crystals  or  an  agglomeration  of  crystals  located  in  the  high  shear 
region  near  the  outer  edge  of  the  sample  disk.  In  several  experiments  the  samples 
were  seeded  with  up  to  five  large  crystals  prior  to  impact.  The  number  of  fast 
pressure  pulses  due  to  the  fast  reaction  component  almost  always  corresponded  to  the 
number  of  crystals  added  to  the  sample.  With  the  heat  sensitive  film,  it  was  easy  to 
show  that  these  fast  reactions  occurred  at  the  sites  of  the  large  crystals.  Because  of 
the  mild  impacts  very  little  of  the  sample  mass  was  consumed  by  burning. 

Our  present  understanding  of  these  two  types  of  chemical  reactions  suggests 
that  the  initial  fast  reaction  component  is  due  to  impact  induced  solid  state  reaction 
in  the  larger  crystals  located  in  the  high  shear  regions  of  the  sample.  This  is 
basically  the  shear  band-energy  localization-hot  spot  ignition  picture1  b12.i 3  This 
theoretical  picture  states  that,  depending  on  the  amplitude  of  tne  applied  shear 
stress,  the  energy  localization  can  be  a  very  fast  solid  state  process  that  accounts  for 
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the  initiation  of  reaction  in  crystalline  solids  during  shock  or  impact.  For  high  level 
shocks,  it  can  account  for  the  very  fast  molecular  dissociation  rates  required  for 
detonation.  Here  the  BIC  test  measures  these  solid  state  reaction  rates  for  low 
velocity  impacts.  The  second  slower  reaction  is  believed  to  be  mainly  due  to  burning. 

The  initial  very  fast  reaction  is  an  important  measure  of  the  violent  explosion 
and  detonation  hazard  of  an  energetic  material  to  low-level  impact.  Both  the  peak 
pressure  a:  more  importantly,  the  rate  of  pressure  increase,  provide  measures  of 
the  extent  aud  rate  of  the  initial  reaction  of  an  energetic  material  to  mild  impact. 

For  an  energetic,  fast  reacting  explosive  like  PBX-9404,  the  peak  pressure  is 
typically  1 0  Mpa  and  the  initial  rate  of  reaction  is  1.3  Mpa/ps.  At  the  opposite 
extreme,  for  the  insensitive  explosive  TATB  these  quantities  are  .3  Mpa  and 
.02  Mpa/ps.  A  good  measure  of  insensitivity  to  shock  or  impact  appears  to  be  the 
degree  to  which  this  initial  fast  reaction  is  minimized  o  '  even  eliminated.  This  is 
under  standable  from  a  theoretical  point  of  view  since  it  minimizes  or  eliminates  the 
fast  acting  impact  or  shock  driven  solid  state  reactions 

The  fluctuations  in  the  rate  of  pressure  increase  are  important  in  determining 
the  susceptibility  of  an  energetic  solid  to  a  violent  response  from  a  shock  or  impact. 
The  fluctuations  provide  a  measure  of  the  interaction  of  an  initiation  site  with  the 
surrounding  explosive.  As  such,  they  can  potentially  provide  a  link  between  small 
scale  tests  and  the  ability  to  predict  the  response  of  large  scale  charges  to  an 
arbitrary  shock  or  impact.24  Experimentally  determined  fluctuations  for  a  number  of 
PBX  explosives  as  a  function  of  explosive  content  are  shown  in  Figure  9. 


To  illustrate  the  importance  of  the  initial  rate  of  reaction,  Figure  10  shows  the 
initial  rate  of  pressure  build  up  for  four  different  materials  for  which  the  standard 
BIC  test  procedure  was  modified  to  allow  the  impact  energy  to  be  varied.  Three  of 
these  materials  (1  through  3)  were  nondetonable  propellants  and  the  fourth  (labeled 
4)  was  a  detonable  propellant.  The  BIC  input  energy  was  varied  by  reducing  the 
mass  from  10  to  2.5  kg,  or  reducing  the  drop  height  from  1,5  m  to  .6  m.  Each  data 
point  is  an  average  of  at  least  ten  impacts.  For  the  mildest  impacts,  the  soft  PBX- like 
detonable  propellant  was  the  least  responsive  of  the  four  materials.  However,  as  the 
energy  and  velocity  of  impact  increased,  the  detonable  propellant  developed  a  very 
rapid  increase  in  reaction  rate  as  reflected  in  the  rate  of  pressure  rise.  The  non¬ 
detonable  propellants  showed  only  a  more  or  less  linear  increase  in  reaction  rate, 
much  the  same  as  if  only  a  slow  increase  were  taking  place  in  the  number  of  particles 
undergoing  reaction  as  the  energy  and  velocity  of  the  impact  increased. 
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samples  are  entirely  consumed  during  the  burning  reaction.  Therefore,  the  total 
energy  in  the  sample  is  available  to  accelerate  the  pellet.  Thishasbeen  confirmed 
numerous  times  in  the  BIC  test  where  the  total  energy  transferred  to  the  pellet  for  a 
given  propellant  type  seldom  varies  more  than  10  percent  from  its  averaged  value. 
Figure  1 1  shows  the  pellet  energy  for  several  different  propellants  in  which  the  BIC 
impact  energy  was  changed  by  changing  the  drop  weight  mass  and  the  drop  height. 
Each  data  point  represents  an  average  of  the  results  of  at  least  ten  impacts. 
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This  regular  behavior  of  the  pellet  energy  does  not  occur  with  explosives  since, 
generally,  they  do  not  burn  but  rather  tend  to  extinguish  reactions  at  low  pressures. 
Consequently,  explosive  material  usually  remains  on  the  anvil  after  the  impact  while 
no  material  remains  after  impacts  on  propellants.  For  explosives,  the  failure  to 
totally  consume  the  entire  sample  is  reflected  in  the  variations  observed  in  the  pellet 
energy,  which  often  approach  50  percent  or  more.  Using  the  standard  BIC  test 
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configuration,  t  he  initial  pressure  build  up  rate  has  given  a  reasonably  good  ranking 
of  the  bullet  impact  sensitivity  for  a  number  of  explosive  and  propellant  materials. 
This  is  shown  in  Table  2. 

TABLE  2.  RESPONSE  OF  EXPLOSIVES  TO  THE  BIC  TEST 


Explosive  <dp/dt>(psi/ps)  <E>(J/gm)  MOST  SAFE 


NTO  (10  percent  RDX) 

2.2 

10.7 

TATB 

7.2 

C-4 

13. 

N-109 

21.4 

65.4 

N-110 

23.6 

59.4 

N-106 

27. 

117. 

W-121 

32. 

57. 

F-108 

37. 

66. 

N-103 

50. 

215. 

W-114 

50. 

146. 

W-201 

51. 

N-5 

53. 

W-108 

54. 

98.7 

W-9 

66 

54. 

W-115 

79. 

163. 

Comp-B 

113. 

163. 

H-6 

176. 

90. 

HMX 

203. 

163. 

LEAST  SAFE 


SUMMARY  AND  CONCLUSIONS 

The  small  scale  tests  described  here  were  developed  as  part  of  an  ongoing 
investigation  of  the  impact  and  shock  initiation  processes  that  has  been  undertaken 
at  NSWCDD.  These  tests  represent  perhaps  the  best  of  several  novel  impact  tests 
that,  have  been  developed  in  the  course  of  the  investigation  because  they  most  clearly 
provide  some  of  the  data  necessary  for  the  correct  prediction  of  the  response  of  large 
scale  charges  to  arbitrary  shock  or  impact. 

At  this  stage,  it  is  too  early  to  assert  that  these  tests  and  their  outputs  represent 
the  final  form  necessary  to  describe  impact  initiation  and  subsequent  reaction 
growth.  It  is  expected  that  as  our  understanding  of  these  processes  develops,  the  tests 
and  their  interpretation  will  also  change  somewhat.  However,  because  of  the 
fundamental  importance  of  their  basic  data  to  the  physics  and  chemistry  of  the 
initiation  and  growth  processes,  it  would  seem  unlikely  that  significant  changes 
would  occur  in  the  present  tests.  More  than  likely,  it  will  be  necessary  to  supplement 
these  tests  with  other  tests  in  order  to  obtain  sufficient  data  to  predict  the  response  ot 
an  energetic  material  to  an  arbitrary  shock  or  impact. 

Finally,  over  the  90  years  or  so  that  have  passed  between  the  time  of  the  first 
impact  tests  on  explosives  and  today,  a  considerable  amount  of  frustration  and 
skepticism  has  been  built  up  over  the  failure  to  obtain  meaningful  and  repeatable 
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impact  test  data.  In  large  part,  this  is  due  to  the  failure  to  understand  the  physics  of 
this  seemingly  simple  tes1'  and,  in  particular,  how,  when,  and  where  the  impact 
ignition  first- occurs.  In  point  of  fact.,  the  impact  test  is  not  a  simple  test  but,  rather,  a 
fairly  complicated  one,  and  one  that  is  further  clouded  by  the  inevitable  variability 
that  seems  inherent  in  the  material  properties  of  all  physical  materials.  In  spite  of 
this,  the  drop  weight  impact  test  is  perhaps  the  simplest  possible  impact  test.  If  we 
cannot  understand  this  impact  test  and  its  results,  then  there  is  little  hope  that  we 
will  ever  be  able  to  understand  and  predict  the  impact  response  of  energetic  materials 
in  more  complicated  and  realistic  situations. 
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OF  THE  IMPACTOR  DECELERATION  AND  THE 

ONSET  OF  REACTION  FIGURE  4.  SCHEMATIC  OF  THE  IMPACT  SHEAR  TEST 
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(Each  daia  point,  represents  the  average  of  at  least  ten  UIC  impucts.) 

FIGURE  9.  NORMALIZED  FLUCTUATIONS  IN  THE  INITIAL  ENERGY  RELEASE  RATE 
<(de/dt)/(dE/dt»,  AS  A  FUNCTION  OF  THE  VOLUME  FRACTION  IN  INERT 
MATERIAL,  Vin/V0  FOR  A  NUMBER  OF  EXPLOSIVES  AND  PROPELLANTS 
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APPENDIX  A 
ANALYSIS  OF 

THE  EXPLOSIVE  RESEARCHLABORATORY/ 
NSWCDD  IMPACT  MACHINES 


The  Explosive  Research  Laboratory  (ERL)  Impact  Machine  has  been  used  in  the 
United  States  in  various  modified  forms  since  the  early  1940's.  The  machine  was 
designed  at  the  ERL,  and  the  original  design  has  changed  very  little  over  the 
years. A  1  The  machine  described  in  reference  A-l  is  the  current  version. 

The  principal  components  of  the  machine  consist  of  interchangeable  drop 
weights  of  2.5  and  5  kgs,  a  535  gm  striker,  a  500  gm  anvil,  and  a  massive  base  of 
approximately  500  kg.  The  striker  and  the  anvil  are  nearly  identical  columns,  both 
3.2  cm  in  diameter.  The  striker  is  9  cm  long  and  has  a  slightly  rounded  top.  The 
anvil  is  7.6  cm  long  and  is  rigidly  attached  to  the  base  mass. 

In  impact  tests,  the  explosive  sample  is  placed  between  the  striker  and  the 
anvil.  A  complete  description  of  the  response  of  an  explosive  or  propellant  sample  to 
impact  is  well  beyond  our  present  analytical  capabilities,  and  certainly  far  beyond 
the  predictive  capabilities  of  any  computer  code.  However,  much  can  be  learned  by 
examining  the  response  of  the  impact  machine  when  no  sample  is  present.  This  is  the 
"bare  tools”  case. 

The  duration  of  the  "bare  tools”  impact  is  approximately  350  to  400  us.  The 
time  required  for  a  disturbance  to  travel  the  diameter  and  length  of  the  striker  and 
anvil  column  is  approximately  6  and  20  ps,  respectively,  where  the  speed  of  sound  in 
steel  is  taken  as  5  x  10  m/s.  These  transients  have  a  duration  of  at  least  one  order  of 
magnitude  shorter  than  that  of  the  duration  of  the  "bare  tools”  impact.  Therefore,  it 
can  be  assumed  that  the  drop  weight,  striker,  and  anvil  can  be  treated  as  lumped 
mass-spring  elements  and  that,  during  the  compressive  phase  of  the  impact,  tnese 
elements  remain  in  contact  with  each  other.  Only  in  tension  do  the  striker,  anvil  and 
drop  weight  separate.  This  occurs  only  during  rebound  when  the  motion  of  the 
components  are  no  longer  of  interest. 

The  upper  surface  of  the  striker  is  rounded  to  lessen  the  alignment  problem 
with  the  impacting  drop  weight.  The  presence  of  this  curved  surface  results  in  the 
additional  complication  of  a  Hertzian  impact.  Here,  for  simplicity,  the  effect  of  the 
curved  surface  will  be  neglected  on  the  basis  that  it  makes  only  a  minor  contribution 
to  the  overall  response  of  the  drop  weight-striker/anvil  system. 

A  schematic  diagram  detailing  the  lumped  components  of  the  impact  machine  is 
shown  in  Figure  A-l.  The  mass  and  spring  constant  of  the  impactor  are  M]  and  Kj, 
respectively.  Similarly,  M2,  K2  and  M3,  K3  are  the  mass  and  spring  constants  of  the 
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striker/anvil  and  base  mass,  respectively.  The  equations  of  motion  of  this  coupled 
system  are 


mix1=-Ki(Xi-x2-x3) 


► 

(A-l) 


M2X2=_X2(X2- av  +  x1(x1-x2-x3) 


(A-2) 


M3X„  =  -Ks  X3  + 


*2  <*2 


where 


(A- 3) 

► 


x,  =  el  (/)-  fjio) 


► 


x2  =  ?2  u)-e2m 


*3=  *3  W-«3(0) 

The  mass  of  ihe  base  is  so  large  compared  to  the  other  masses  involved  that  il  can 
safely  be  taken  as  infinite,  leading  to  the  simplification  that 

x  -  n  (A-4) 


and 

k 

v  _  _ v  1A-5) 

“33  ~  fc  +.  L  “2  * 

* 2  *3 

For  a  steel  cylinder,  the.  spring  constant  is  given  as  K  =  EA/L,  where  E  is  the  elastic 
modulus,  A  is  the  cross  sectional  area,  and  L  is  the  length  of  the  column.  For  the 
large  base  system,  K3  $>  K2,  so  that  X3  =  0.  This  allows  considerable  simplification 
of  the  equo  tions  of  motion  which  now  become 


MjX1=  -Xl(X1-X2) 


(A-la) 


> 


> 


A-2 
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"2*2=-*2*2  +  ic,  (*i~*2' 


(A-2a) 


It  is  convenient  to  solve  these  by  Laplace  Transforms  since  the  impact  starts  at  time 
t  =  0.  Equations  (A-la)  and  (A-2a)  transform  as 


MlP2Xl  -  MllPXl  W)  +  Xl  (0)]  =  -Kl  (Xt-X2) 

m2p2a2- m2[px2  (o)  +  x2(o)i=  -x2x2  +  k1(x1-  x2), 


(A-6) 


(A-7) 


where  the  over  head  bars  denote  the  transformed  quantity.  The  appropriate  initial 
conditions  are  xi(0)  =  X2(0)  =  0  and  X2(0)  =  0  since  the  system  initially  is  not  under 
strain  nor  is  the  striker  moving.  The  initial  velocity  of  the  drop  weight  released  from 
a  height  h  is  xi(0)  =  (2gh)s .  Solving  equation  6  for  xi  gives 


pz  + 


Xt(0)  +  u,  X2 


(A-8) 


Combining  (7)  and  (8)  gives 


a:..  = 


—  x ,  (0) 
M2  1 


(p2  +  r2)  (P2)  (P2  +  p2) 


where  coi2=  K]/Mi,and 


(A-9) 


and 


r2^“i_+_W12  1 


M 


+  2  U  +  4  7 p)w*-2«f«{2+  Cl4- 


P2  = 


2  ,  2 

W1  +  W12  1 


M. 


+  2  0+4  aT*®!  "  2c‘h°4+  W12' 


(A-10) 


(All) 


(J 


12 


(A-12) 


Equation  9  can  be  recast  by  partial  fractions  as 
K 


*2=-‘ 


— - -  X,  <o(0) 
2M2  « 


1 


1 


i'2  _  p2  H  r (P  +  iD  r(P  -  in  “  p (P  +  ip)  p (p  -  »P) 


(A-13) 


Taking  the  inverse  Laplace  Transformation  of  Equation  (A-13)  gives  the  incremental 
change  in  length  of  the  striker  as 


A-3 
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*2«  =  -jr*  i (0) 
2 


1 

1 

1 

-  sinfit  — 

—  sinl'< 

r2  -  f 

[p 

r 

(A-14) 


The  force  that  the  striker  exerts  on  the  base  anvil  is  F2(t)  =  K.2X2(t).  For  the  original 
ERL-designed  impact  machine,  M2  4  Mi  andK.2  >  Ki  so  that  p  ~  coi,  —  T  —  0012 
and  cj  1 2  >  u)  1 .  In  this  limit,  the  force  on  the  sample  is  approximately 


V)  « 


Kik2 


*1*2  1 


X,  (0) 


1 

—  sinui  t  — 

t.'i  1 


1 

—  sm(V 


A^X^O) 


(A-15) 


>  DROP  WEIGHT 


< 

l 


STRIKER  AND  ANVIL. 


BASE 


F1GUK1  A  1.  LUMPKI)  MASS-SPUING  ELEMENTS  OF  SIMPLIFIED  IMPACT  MACHINE 
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